Introduction
Alzheimer's dementia (AD) is the most common form of dementia in the elderly, affecting more than 4 million people in the United States. Although the etiology of AD has not been definitively established, converging evidence suggests that the Aβ peptide may play an important role in the pathogenesis of the disease. Accumulation of Aβ fibrils in the form of amyloid plaques is one of the hallmarks of the disease and is a key component of the neuropathological criteria for autopsy-based confirmation of diagnosis (Hyman and Trojanowski, 1997; Mirra et al., 1991) .
Imaging techniques utilizing radiolabeled positron emission tomography (PET) tracers that bind to the aggregated Aβ peptides in amyloid plaques have the potential to directly assess relative brain amyloid plaque pathology. The importance of PET with Pittsburgh Compound-B, N-methyl-[ 11 C]2-(4′-methylaminophenyl)-6-hydroxybenzothiazole (also known as [ 11 C]PiB) as a research tool is well established. Nevertheless, the short half-life (20 min) of the 11 C radiolabel limits its utility as a tool for community-based diagnostic screening and therapeutic NeuroImage: Clinical 9 (2015) [592] [593] [594] [595] [596] [597] [598] C]PiB. The radiological half-life (109 min) of such a tracer would allow its distribution from centralized production facilities as in the case of 18 F-labeled fluorodeoxyglucose (FDG), which is now in widespread use in community-based clinics.
The present study is designed to compare the imaging characteristics of a novel 18 F-labeled amyloid ligand, [ The PET radiotracer [ 11 C]PiB has been developed for in vivo imaging of amyloid plaque Mathis et al., 2003) . Studies have shown that [ 11 C]PiB retention in AD subjects is substantially higher than that of controls in specific cortical areas subject to ADrelated Aβ accumulation but is similar in areas without Aβ deposition (e.g., subcortical white matter, cerebellum). Subjects with a diagnosis of mild cognitive impairment (MCI) exhibit [ 11 C]PiB retention spanning both the control and AD retention levels (Engler et al., , 2006 Head et al., 2012; Kemppainen et al., 2007; Klunk et al., 2004; Pike et al., 2007a; Rowe et al., 2007) .
A recently developed 
Materials and methods

Subjects
Subjects from the University of Pittsburgh Alzheimer's Disease Center longitudinal study cohort between 55 and 90 years of age were eligible for this study. All participants signed University of Pittsburgh IRB approved informed consent. Clinical cognitive assessment, including standardized measures of cognition, behavior, and function, described by National Alzheimer's Coordinating Center (NACC) Uniform Data Set, version 2.0, served as the basis for study enrollment and cohort assignment.
Testing and clinical dementia rating assessment was completed within three months prior to enrollment. Eligibility requirements for enrollment in the normal (NL) cohort included: Mini Mental State (MMS) score between 27 and 30; clinical dementia rating (CDR) score of 0; and cognitive impairment scores of no less than 1 standard deviation below the established age-and education-adjusted means for the ADC-NACC Uniform Cognitive Assessment Battery. Eligibility requirements for enrollment in the probable AD (AD) cohort included: MMS scores between 16 and 27; CDR score ≥0.5; and probable Alzheimer's disease based on NINCDS-ADRDA criteria.
At the time of subject enrollment, demographic information was recorded and a complete medical history and physical examination was performed. Patients with contraindications for MRI, e.g., those with aneurysm clips or metal fragments in the body were excluded. Subjects with significant neurologic disease, such as cerebral infarctions, history of significant head trauma or MRI brain scans showing evidence of clinically meaningful abnormalities as well as subjects with psychiatric disorders including serious major depression, history of schizophrenia, or history of substance abuse (DSM-IV criteria) were also excluded. A total of 8 patients with a clinical diagnosis of probable Alzheimer's disease and 15 cognitively normal elderly subjects were recruited into the study from March 10, 2009 to September 30, 2010 . Participants in the normal cohort had mean age 71 years (range 59 to 84), whereas the Alzheimer's cohort had mean age 75 years (range 57 to 87). Participants in the normal cohort had mean MMS score 29 (range 27 to 30), compared with the Alzheimer's cohort, with mean score 21 (range 16 to 27). Subject demographics are listed in Table 1 .
As stated in the Introduction, the goal of this study is to compare imaging characteristics of two amyloid tracers. It is not aimed at evaluating tracer efficacy for identifying patients with clinically diagnosable AD. For the purpose of achieving our goal, it was desirable that our subjects exhibit a range of amyloid load. To help achieve this, a subset (n = 6) of NL subjects were selected to participate in this study based on the results of a prior positive PiB scan.
Radiotracer production
The full radiosyntheses of [ 11 C]PiB (Wilson et al., 2004) and (Mason et al., 2009 ) are described elsewhere.
Imaging protocol
The Alzheimer's Disease Neuro-Initiative (ADNI) MRI protocol (3D rapid gradient echo (MP-RAGE) and an axial proton density scan) was performed prior to the PET imaging procedure (Jack et al., 2008 post-injection scan). In each case, prior to the emission scan, 10 min of transmission data, required for attenuation and scatter correction, were acquired. All PET data were acquired on a Siemens/CTI ECAT HR + BGO scanner operating in 3-D mode (axial field-of-view: 15.5 cm; 63 planes).
Image processing
Acquired PET data were reconstructed into a 128 × 128 × 63 (axial) matrix with voxel dimensions of 0.21 × 0.21 × 0.24 cm. Reconstruction was performed using manufacturer supplied software and included corrections for attenuation, scatter, random coincidences and dead time. Images for regional analysis were processed using Fourier rebinning (FORE) followed by direct Fourier reconstruction. Images were smoothed with a 3 mm Hann filter. Following reconstruction, image sets were inspected and, if necessary, corrected for inter-frame motion. Each subject's [
11 C]PiB and [- 18 F]flutemetamol scans were separately registered to the subject's AC-PC oriented MR scan using an Automated Image Registration (AIR) technique (Woods et al., 1993) . A summation over the time frames was performed to produce a single time-frame image, i.e., a 50-70 min [ Images for the visual reads were produced by first summing the sinograms over the time frames, followed by FORE rebinning and then reconstruction using OSEM with 4 iterations of 16 subsets. Although subject MR scans were not used for the visual reads, the PET scans were registered to MR scans as described above for the purpose of bringing them into uniform AC-PC alignment. No smoothing was applied to these images, however, in each case a new image was formed by summing adjacent axial planes resulting in a final axial plane thickness of 0.48 cm (2 × 0.24 cm).
Data analysis
Identification of brain regions for analysis
Five cortical brain sub-regions known to accumulate amyloid plaques in AD were selected for tracer retention analysis: anterior cingulate; precuneus; frontal cortex; parietal cortex; and lateral temporal cortex.
To investigate potential differences in nonspecific retention between [ 11 C]PiB and [ 18 F]flutemetamol the pons region was also analyzed. The pons is generally spared from amyloid plaque accumulation and this white-matter rich area has substantial nonspecific signal (Price et al., 2005) .
Region-of-interest (ROI) boundaries were manually-defined using the structural MRI for anatomical reference and criteria that have proven to provide highly reproducible outcomes (Rosario et al., 2011) . The Rosario et al. publication also shows examples of regional delineations on MRI scan section (as shown in Fig. 1 ).
Regional analysis
A normalized regional analysis was performed in which the cerebellar cortex was designated as the reference region for nondisplaceable (i.e., free and nonspecific) retention. Mean concentrations for the regions described above were obtained for all subjects and both tracers. Normalized regional retention values (SUVR) were produced by dividing each regional concentration by the concentration within the cerebellum ROI from the same image. An overall global cortical SUVR value was determined by averaging the SUVR values from the 5 cortical subregions.
Visual analysis
A standard visual analysis procedure, outlined in the following subsections, was established at a reader protocol/training meeting at the University of Pittsburgh. The protocol was developed using a set of [ 11 C]PIB and [
18 F]flutemetamol images from amyloid-positive and amyloid-negative subjects. Otherwise, the training scans were not included in the study reported herein. F]flutemetamol. In any case with less than 100% agreement in the individual ratings, the scans were projected for simultaneous viewing, and an attempt was made to arrive at a consensus opinion. The predetermined consensus rules were that if at least four of the raters agreed after the discussion, a consensus rating was generated, otherwise, the case would be scored "no consensus." We note here that a consensus was arrived at in all cases.
2.5.3.2. Image presentation. Before commencement of the visual reads, the readers agreed that images would initially be displayed using a continuous colormap, without visual breaks. Thus images were displayed using a reader adjustable Hot Metal color scheme with the scale initially spanning the full image intensity range.
While the reader was free to view any slice or to use an orthogonal viewing tool, the following minimal procedure was used. All slices were first simultaneously observed on a single display page for evidence of obvious positive signal. Following this, the following axial slices were examined in an enlarged, single slice format: (1) a slice at the first appearance of lateral ventricles (going from superior to inferior) and (2) every axial slice until the cerebellar peduncles were reached. Seven consecutive sagittal slices centered at the midline were also reviewed. Fig. 1 . Image example of the ROIs provided to visual raters. The 5 brain regions (10 total ROI) indicated are those generally attributed to be the typical AD pattern, which is generally considered as a bilaterally symmetric pattern of positivity in the frontal, parietal and temporal cortices, anterior cingulate and precuneus.
2.5.3.3. Visual scan rating. Readers were asked to provide scores for the following 3 evaluations in the order specified. In these descriptions, "positivity" is defined to be gray matter signal greater than or equal to signal in white matter regions such as pons, cerebellar peduncles, and subcortical white matter. Except for the guidance material provided for evaluation #3, described below, the visual ratings were performed using the PET scans only, i.e., without reference to subjects' MRI or other anatomical images. Visual classification examples are shown in Fig. 2. 1) Any-Region Positivity: a statement of certainty as to whether the scan was amyloid-positive in any gray matter area. This reading was not limited to the five gray matter areas listed below. Score definitions were: 1 = definitely negative; 2 = probably negative; 3 = probably positive; 4 = definitely positive.
2) AD-like Positivity: a statement of certainty as to whether the typical AD regional pattern was present (same numerical ratings as above). The typical AD pattern was considered a generally bilaterally symmetric pattern of positivity in the frontal, parietal and temporal cortices, anterior cingulate and precuneus. Cases were allowed to be frontally predominant or posteriorly predominant, but cases that were only positive in focal areas (e.g., unilateral occipital pole) were to be rated "2 = probably negative" from this "AD-like" perspective. Readers were instructed that this AD-like score could be lower than the "Any-Region" score, but could never be higher. 3) Individual Region Positivity: because visual reads were to be correlated to the normalized regional retention values, scans were visually evaluated with reference to the same ROIs as were used for the quantitative analyses. To this end, readers were provided with a hard copy depiction of orthogonal views of example ROIs overlaid on a typical MRI (Fig. 1) . Each of the 10 individual regions (frontal, parietal, temporal cortices, anterior cingulate and precuneus; right and left separately) were scored (rater regional score) using the same 1-4 scale described above. A five-region average score (rater regional average) was calculated as the simple arithmetic mean of the 10 unilateral ROI scores and was correlated to the global cortical SUVR.
Statistical analyses
In parts of this and the following sections, threshold values for global cortical SUVR are used to classify scans as amyloid positive or negative, i.e. PiB(+), PiB(−). For [ 11 C]PiB, the threshold (1.51) was established in a separate study (Cohen et al., 2013) (Fleiss, 1971 ) and was also expressed as overall agreement as well as agreement across all cases (Cicchetti and Feinstein, 1990; Spitzer and Fleiss, 1974) . Agreement between the two tracers for rater evaluation of anyregion positivity (concensus) and separately for AD-like positivity was quantified using Cohen's kappa (Cohen, 1960) .
2.5.4.3. Correlation of rater regional average to global SUVR. Global cortical (5-subregion average) SUVR was compared to the rater regionalaverage averaged across raters (i.e. rater regional scores, ranging from 1 to 4, averaged across 10 regions and 5 raters). Results are expressed both graphically and numerically (by Spearman's correlation coefficient, r), for each tracer separately.
2.5.4.4. Correlation of rater regional score to regional SUVR. SUVR values for each of the 10 cortical regions were compared to the averaged (across raters) rater regional scores of each of the 10 regions described above for both of the tracers. Results were expressed in terms of linear correlation coefficients. was performed. Images for which the consensus rating for AD-like positivity was 3 or greater were classified as amyloid positive by visual read, otherwise images were classified as amyloid negative by visual read. The global SUVR thresholds described in Section 2.5.4 were used to further classify each image as amyloid positive or negative by SUVR. For each tracer separately, agreement between visual and SUVR classification was expressed in terms of Cohen's kappa and percent agreement.
The SUVR threshold for amyloid positivity was 1.51 for [ SUVR between the two tracers were compared as described in Section 2.5.4.1. Results for cortical regions are reported in the subsection 3.1.1. Sub-section 3.1.2 describes the results for the pons and cerebellum. Table 2 compares the uptake distribution, as measured by regional SUVR, of [ 
Cortical regions
Pons and cerebellum
The pons SUVR showed no difference between normal elderly and AD subjects for either tracer (P = 0.96 for [ Related to its use as a potential reference region, the average [ 18 F]flutemetamol SUV in pons for all subjects in this study was significantly higher than for [ 
Agreement between raters and tracers
Agreement between the raters was determined as described in Section 2. (Curtis et al., 2015; Engler et al., 2004 Engler et al., , 2006 Kemppainen et al., 2007; Klunk et al., 2004; Pike et al., 2007a; Rowe et al., 2007; Wolk et al., 2011) . The goal of this study was to compare the two tracers in the same AD and NC subjects using both visual reads and SUVR to evaluate amyloid positivity and correlate In our study sample, 6 of the15 NL subjects had evidence of amyloid deposition. It is important to note that in this study, these 6 subjects were specifically chosen based on their prior PiB(+) status to assess the uptake characteristics across a range of amyloid positivity. Therefore, the proportion of PiB(+) NL subjects in this study (40%) is higher than some previous reports (Aizenstein et al., 2008; Apostolova et al., 2010; Furst et al., 2010; Mormino et al., 2009; Pike et al., 2007b; Rentz et al., 2010; Resnick et al., 2010) .
Good correlation was observed between [ 11 C]PiB and Table 2 ). Additionally, we found that there was also good agreement between the two tracers in classifying subjects as amyloid-positive.
However, there were some differences of note between the two radiotracers. As evidenced by the slope of the correlation line in Fig. 3 SKM classification, translated from PiB), amyloid negative. This is thought to reflect the inclination to rate higher white matter retention (see Fig. 2 ) as cortical [
18 F]flutemetamol retention. The clinical significance of these differences is likely to be more of a concern for individuals with low levels of amyloid deposition or no amyloid deposition than for those who are clearly positive (i.e. AD-like). This highlights the critical need for careful training in the visual rating of any amyloid imaging ligand that exhibits appreciable white matter retention.
There was also a significant correlation between visual rating and the SUVR for both subjects (all objective amyloid-positive and visual amyloidnegative Fig. 5 ). In addition, it is interesting to note that for the most part, when a scan was PiB(+) via SUVR SKM rating, raters tended to have high confidence (a visual rating score of 4) that the scan was indeed PiB(+); however, the raters had slightly less confidence with the visual rating for [ The correlations of individual cortical SUVR values to the visual rating of these individual cortical regions also yielded quite interesting results. While the correlations between all cortical SUVR values to the visual rating scores were significant for both tracers, the most significant correlations were in anterior cingulate and precuneus, which is noteworthy for two reasons. First, amyloid deposition in both anterior cingulate and precuneus are very typically observed in AD and an SKM analysis with regional weighting identified anterior cingulate and precuneus as the two regions with the highest weights, meaning that these regions were most relevant to the analyses. Second, the fact that both anterior cingulate and precuneus are midline gray matter regions in which essentially two thicknesses of cortex are adjacent to each other without intervening white matter may accentuate the appearance of specific tracer retention in these areas, particularly in the case of [ 
